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In order to determine the time window for induction of lateral line placodes in the axolotl, we performed two series of
heterotopic and isochronic transplantations from pigmented to albino embryos at different stages of embryogenesis and
assessed the distribution of pigmented neuromasts in the hosts at later stages. First, ectoderm from the prospective placodal
region was transplanted to the belly between early neurula and mid tailbud stages (stages 13–27). Whereas grafts from early
neurulae typically differentiated only into epidermis, grafts from late neural fold stages on reliably resulted in differentiation
of ectopic pigmented neuromasts. Second, belly ectoderm was transplanted to the prospective placodal region between early
neurula and tailbud stages (stages 13–35). Normal lateral lines containing pigmented neuromasts formed in most embryos
when grafts were performed prior to early tailbud stages (stage 24) but not when they were performed later. Our findings
indicate that lateral line placodes, from which neuromasts originate, are already determined at late neural fold stages (first
series of grafts) but are inducible until early tailbud stages (second series of grafts). A further series of heterochronic
transplantations demonstrated that the decline of inducibility at mid tailbud stages is mainly due to the loss of ectodermal
competence. © 2001 Academic Press
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aINTRODUCTION
The lateral line system is an important sensory system of
anamniotic vertebrates (Coombs et al., 1989). It comprises
echanoreceptive neuromasts and electroreceptive ampul-
ary organs as well as the nerves innervating these receptors
Northcutt, 1989). Both the receptors and the lateral line
anglion cells originate embryonically from a series of
ranial ectodermal placodes (reviewed in Northcutt, 1992a,
997). Although neural crest cells may also contribute to
euromasts (Collazo et al., 1994), the extent and impor-
ance of this contribution have been questioned (Northcutt
nd Bra¨ndle, 1995; Northcutt, 1996), as many studies indi-
ate that all types of lateral line receptors and ganglia are
erived from placodes (Stone, 1922, 1929, 1933, 1938;
nouff, 1935; Corwin et al., 1989; Smith et al., 1990;
orthcutt et al., 1994, 1995; Northcutt and Bra¨ndle, 1995;
ones and Corwin, 1996; Schlosser et al., 1999). In axolotls,
1 To whom correspondence should be addressed. Fax: 49-421-
(218-4549. E-mail: gschloss@uni-bremen.de.
0012-1606/01 $35.00
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All rights of reproduction in any form reserved.hose lateral line system has been intensely studied (e.g.,
tone, 1922, 1928a,b, 1929, 1933, 1938; Landacre, 1926,
927; Yntema, 1950; Smith et al., 1988, 1990; Northcutt,
992b; Northcutt et al., 1994, 1995; Northcutt and Bra¨ndle,
995; Metscher et al., 1997), there are five lateral line
lacodes (anterodorsal, anteroventral, middle, supratempo-
al, and posterior), which become recognizable between
tages 23 and 35 (Fig. 1A) as thickenings of the inner
ctodermal layer (Northcutt and Bra¨ndle, 1995). At subse-
uent stages, prospective ganglion cells migrate away from
he placodes and form lateral line ganglia (Stone, 1922;
andacre, 1927; Northcutt and Bra¨ndle, 1995), whereas the
onneurogenic parts of the placodes elongate to form sen-
ory ridges or migratory lateral line primordia (Stone, 1922;
andacre, 1927; Smith et al., 1990; Northcutt et al., 1994;
orthcutt and Bra¨ndle, 1995). These extend along well-
efined pathways in the head and trunk, thereby establish-
ng an invariant pattern of lateral lines (Fig. 1B). At late
mbryonic and early larval stages (Fig. 1B), neuromasts and
mpullary organs differentiate from these primordia
Northcutt et al., 1994).
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56 Schlosser and NorthcuttLateral line placodes represent only a subset of ectoder-
mal placodes; in addition, there are olfactory, adenohy-
pophyseal, lens, profundal, trigeminal, and otic placodes, as
well as a series of epibranchial placodes (reviewed in Webb
FIG. 1. Camera lucida drawings of ectodermal flat mounts of a
stage 35 axolotl embryo (A) and a stage 43 axolotl larva (B) show
two stages in the development of lateral line receptors (after
Northcutt et al., 1994). In (A), lateral line placodes are black, other
placodes are grey. In an early larva (B) neuromasts (open circles), pit
organs (large solid circles) and ampullary organs (small solid circles)
have differentiated from the elongating sensory ridges of the lateral
line placodes. Bar: 0.5 mm (A, B). Abbreviations: a, angular pit line;
ad, anterodorsal lateral line placode; ap, anterior pit line; av,
anteroventral lateral line placode; fe, facial epibranchial placode; g,
gular pit line; io, infraorbital line; j, jugal lateral line; lp, lens
placode; ma, mandibular lateral line; mc, middle cheek pit line;
mid, middle lateral line placode; mp, middle pit line; o, oral lateral
line; ol, olfactory placode; otv, otic vesicle; p, preopercular lateral
line; pld, dorsal subdivision of posterior lateral line placode; plm,
main subdivision of posterior lateral line placode; plv, ventral
subdivision of posterior lateral line placode; pt, post-temporal
lateral line; so, supraorbital line; st, supratemporal lateral line
placode; ste, supratemporal lateral line; t, temporal lateral line.and Noden, 1993; Northcutt, 1993, 1996; Graham and p
Copyright © 2001 by Academic Press. All rightegbie, 2000) and hypobranchial placodes (Schlosser et al.,
999; Schlosser and Northcutt, 2000). Ectodermal placodes,
s well as neural crest cells, with which these placodes
hare several features, are evolutionarily derived characters
f craniates (Northcutt and Gans, 1983; Northcutt, 1996;
aker and Bronner-Fraser, 1997a; Shimeld and Holland,
000), although isolated cells with placode- and crest-like
roperties may already be present in urochordates and
ephalochordates (Northcutt, 1996; Baker and Bronner-
raser, 1997a; Holland and Holland, 1998; Wada et al., 1998;
raham and Begbie, 2000). Because both placodal and
eural crest cells are embryonic sources of many of the
volutionary novelties of the craniate head (Northcutt and
ans, 1983; Northcutt, 1996; Shimeld and Holland, 2000),
t is particularly important from an evolutionary point of
iew to understand how they originate during development.
lassical studies demonstrated that the development of
eural crest cells (e.g., Raven and Kloos, 1945; Ho¨rstadius,
950), otic placodes (e.g., Harrison, 1945; Yntema, 1933,
950; Jacobson, 1963a–c) and lateral line placodes (e.g.,
oltfreter, 1935; Andres, 1949; Yntema, 1950) depends on
nduction, but we still know little about the underlying
echanisms. Several recent studies have analyzed the in-
uction of neural crest cells (reviewed in Baker and
ronner-Fraser, 1997b; La Bonne and Bronner-Fraser, 1998;
ayor et al., 1999), induction of the otic placode (reviewed
n Torres and Gira´ldez, 1998; see also Groves and Bronner-
raser, 2000), induction of profundal placodes (Stark et al.,
997; Baker et al., 1999), and induction of epibranchial
lacodes (Begbie et al., 1999; Baker and Bronner-Fraser,
000), but comparable studies of the induction of lateral
ine placodes do not exist. Even the time window of
nduction of the lateral line placodes has not been estab-
ished. Whereas Yntema (1950) reported that lateral line
lacodes were induced in gill ectoderm transplanted to the
rospective placodal region in axolotl embryos up to tailbud
tages (stage 35), Smith et al. (1990) claimed that lateral line
lacodes were not induced in belly ectoderm transplanted
o the same region even as early as stage 14. These appar-
ntly conflicting results could be reconciled if gill ecto-
erm, but not belly ectoderm, were competent to respond to
ateral line induction, but this possibility has never been
ested.
The aim of the present study was to determine the time
indow for induction of lateral line placodes in axolotls. In
first series of experiments, we transplanted ectoderm from
he prospective placodal region of pigmented axolotl donors
etween stages 13 and 27 to the belly of albino host
mbryos of the same age. The results of these experiments
ndicate that lateral line placodes are determined (commit-
ed) during late neural fold stages. In order to resolve the
onflict between the reports of Yntema (1950) and Smith et
l. (1990) and to test whether their results were due to
iffering sources of ectoderm, we also performed a second
eries of experiments and transplanted belly ectoderm from
igmented axolotl donors between stages 13 and 35 to the
rospective placodal region in albino host embryos of the
s of reproduction in any form reserved.
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57Induction of Lateral Line Placodessame age. The results of the latter experiments clearly show
that belly ectoderm is competent to respond to lateral line
induction and that this competence persists until early
tailbud stages, as do signals for lateral line induction. A
further series of heterochronic transplantations indicated
that the subsequent decline of inducibility at mid tailbud
stages is mainly due to the loss of ectodermal competence.
MATERIALS AND METHODS
Animals
Pigmented and albino embryos of the axolotl, Ambystoma
mexicanum, were obtained from the Axolotl Colony of Indiana
University and staged according to Bordzilovskaya et al. (1989).
Grafting Procedure
Egg capsules of A. mexicanum were immersed for 10 min in
.03% formalin to kill fungi, then manually dejellied. The vitelline
embrane was carefully removed with watchmakers forceps, and
mbryos were placed in a plasticine dish containing rearing solu-
ion (RS: 100% Holtfreter’s solution, sterilized by boiling and
upplemented with 400 mg/liter penicillin, 400 mg/liter strepto-
ycin, and 25 mg/liter gentamicin). Embryos at stage 35 were
nesthesized by adding tricaine methanesulfonate (MS 222; Sigma)
o a final concentration of 0.02%. Embryos were positioned in
mall grooves and fixed in place with plasticine. Pieces of ectoderm
ere then excised from albino host embryos with flame-sharpened
ungsten needles and replaced by pieces of ectoderm from pig-
ented donor embryos. Grafts were pressed down and kept in place
ith plasticine. After the graft was allowed to heal for several
ours, embryos were transferred to sterilized petri dishes contain-
ng RS, which was changed daily.
Isochronic Transplantations
Two series of heterotopic and isochronic transplantations were
performed. In the first series of experiments, ectoderm from the
lateral wall of a cranial neural fold and the adjacent area was
transplanted from a pigmented donor embryo to the belly of an
albino host, as indicated in Figs. 2A and 2B. These transplants were
performed at stages 13 through 27. The approximate location of the
graft is indicated for stage 16 in Fig. 2A. A corresponding region was
also transplanted at earlier and later stages. Although the bound-
aries of the neural plate are not yet distinct at stage 13, the
approximate location of the corresponding area could be extrapo-
lated from the condition at stage 14. At stages 21 and later, the
transplanted area encompassed the cranial ectoderm from the
posterior border of the eye to the level of the first postotic branchial
arch, with a dorsoventral extension from just below the dorsal
midline of the embryo to the dorsal aspect of the branchial arches.
Altogether, 45 cases survived and were analyzed (Table 1). In two
control experiments, belly ectoderm of albino host embryos was
replaced either by belly ectoderm (n 5 15, stages 14–16) or by
ectoderm of the lateral neural folds and adjacent trunk area (n 5 18,
stages 14–19) from pigmented donor embryos.
In the second series of experiments, belly ectoderm from a
pigmented embryo was transplanted to the lateral wall of a cranial
neural fold and the adjacent ectoderm (the donor region in the first
Copyright © 2001 by Academic Press. All rightseries of experiments) of an albino host (Figs. 2C and 2D). Trans-
plants in the second series were performed at stages 13 through
34/35. Altogether, 92 cases survived and 85 were analyzed (Table
2). The remaining seven specimens could not be analyzed mainly
because of extensive tissue degeneration. In an orthotopic control
experiment, a similar postorbital area of cranial ectoderm in stage
30 albino host embryos was replaced by the corresponding area
from pigmented donor embryos (n 5 10, stage 30) to preclude the
possibility that surgery itself greatly perturbed placode develop-
ment.
Most embryos were allowed to survive 5–10 days until they
reached stages 37–43 and were then fixed and analyzed as skin
mounts (in a single case of the second series also as serial sections).
Neuromasts begin to erupt at stage 37 in axolotls (Northcutt et al.,
1994), and, in all of these preparations, the presence or absence of
lateral lines, as well as the distribution of pigmented neuromasts,
can be easily analyzed. A few embryos (three cases transplanted at
stage 15 in the first series; one case transplanted at stage 14 and
eight cases transplanted at stage 16 in the second series) were
allowed to survive for only 2–3 days until they reached stages
34–38 and were then fixed and serially sectioned. At stages 34–38,
lateral line placodes and ganglia are well developed, and the
participation of pigmented cells in the placodes and ganglia can be
easily assessed in sections.
Heterochronic Transplantations
In order to establish whether loss of competence and/or loss of
inductive signals is responsible for the decline of neuromast
inducibility at tailbud stages, two types of heterochronic transplan-
tations were performed (Table 2). In the first type, the presence of
inductive signals in tailbud stages was assessed by grafting belly
ectoderm from pigmented donor embryos at stages 14–16, wherein
competence to respond to inductive signals has been demonstrated,
to the postorbital ectodermal region (the same recipient region as in
the second series of isochronic transplantations) of albino hosts at
stage 25 (n 5 10) or 30 (n 5 9). In the second type of experiment, the
presence of ectodermal competence at tailbud stages was assessed
by grafting belly ectoderm from pigmented donor embryos at stage
25 (n 5 10) or 30 (n 5 18) to the lateral wall of a cranial neural fold
and the adjacent ectoderm (the same recipient region as in the
second series of isochronic transplantations) of albino host em-
bryos at stages 14–16, wherein availability of inductive signals has
been demonstrated. In all experiments involving heterochronic
transplants, specimens were analyzed as skinmounts after survival
of the host to stages 40–43. In the first type of experiments, where
donors were much younger, hosts were fixed only after donors had
progressed to at least stage 41, to allow sufficient time for neuro-
mast differentiation.
Histological Procedures
Embryos were fixed in 4% glutaraldehyde in 0.1 M phosphate
buffer (PB) overnight, rinsed twice in PB, transferred to 70%
ethanol, and stored at 220°C. Embryos were either analyzed as
skin mounts or embedded in plastic and serially sectioned. For skin
mounts, the skin on the experimental side was carefully removed
with tungsten needles and forceps and flat-mounted as described in
detail in Northcutt et al. (1994). For the preparation of plastic
ections, embryos were dehydrated, embedded in glycol methacry-
ate (LKB Historesin), and serially sectioned (5 mm). Sections and
flatmounts were counterstained with 1% neutral red and cover-
slipped.
s of reproduction in any form reserved.
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58 Schlosser and NorthcuttData Analysis
The first series of isochronic experiments (transplantation of the
lateral wall of a cranial neural fold into the belly region) assessed
whether ectopic pigmented neuromasts differentiate on the belly of
the host (Table 1). It is important to note that specimens in which
pigmented neuromasts occurred in one of the lateral lines of the
host, but did not occur ectopically, were not scored in this
category. Pigmented neuromasts in the host lateral lines occurred
in seven out of nine transplants done at stage 13. In each case, the
pigmented graft had expanded greatly anteriorly and had invaded
the posterior cranial region around the gills, where regular lateral
line induction would probably take place.
The second series of isochronic experiments and the hetero-
chronic experiments (transplantation of belly ectoderm into the
position of the lateral wall of a cranial neural fold) assessed the
distribution of pigmented neuromasts in lateral lines of stages
39–42 (skin mounts) and the distribution of pigmented cells in
lateral line placodes and ganglia of stages 35–36 (serial sections)
(Table 2). Lateral lines were pooled according to the placodes from
which they originate (Northcutt et al., 1994). Although pigmented
ampullary organs were also observed in a few cases, their distribu-
tion was not assessed, because ampullary organs develop relatively
late (Northcutt et al., 1994), and they had not yet differentiated in
any of the specimens analyzed. Placodes and neuromasts were
cored as pigmented only when pigment granules appeared in cells
FIG. 2. Heterotopic transplantation of axolotl ectoderm from pigme
and location of ectodermal grafts is indicated for embryos at stage 16
neural fold and the adjacent ectoderm was transplanted to the belly. (B
42 larva that had received the graft at stage 13. In the second series of
a cranial neural fold and the adjacent ectoderm. (D) The position of th
Pigmented neuromasts of the ventral trunk line (arrows) are shown if the deep ectodermal layer from which these organs develop. This
Copyright © 2001 by Academic Press. All rightrestriction was applied in order to avoid counting as positive those
cases in which unpigmented lateral line primordia may have
invaded the area of the pigmented graft and deposited unpigmented
neuromasts below a layer of pigmented surface ectoderm. In
addition to the distribution of pigmented neuromasts, the partial or
complete absence of those lateral lines arising from the anterodor-
sal and anteroventral placodes was also analyzed (Table 2), as these
placodes were most consistently included in our grafts.
In all experiments, the presence or absence of melanocytes was
also noted in order to assess whether neural crest cells differenti-
ated from the pigmented graft.
RESULTS
Heterotopic transplantations of ectoderm from pig-
mented to albino axolotl embryos allow to define the time
window of lateral line placode induction in the axolotl. The
timing of commitment of lateral line placodes is revealed
by isochronic transplantations of cranial ectoderm into the
belly region, that are reported in the first section. The
decline of inducibility of lateral line placodes from compe-
tent ectoderm is then elucidated by isochronic transplanta-
tions of belly ectoderm to the cranial region, that are
reported in a second section. Finally, the results of hetero-
donor embryos to unpigmented host embryos. The approximate size
). In the first series of experiments (A, B), the lateral wall of a cranial
e position of the graft (with darkly pigmented melanocytes) in a stage
riments (C, D), belly ectoderm was transplanted to the lateral wall of
ented graft in a stage 42 larva that had received the graft at stage 14.
ail in the insert. Bar in (B): 0.5 mm (B, D).nted
(A, C
) Th
expe
e pigmchronic transplantations of belly ectoderm into the cranial
s of reproduction in any form reserved.
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59Induction of Lateral Line Placodesregion, indicating that this loss of inducibility is mainly due
to the loss of competence, are presented in a third section.
Isochronic Transplantation of Cranial Ectoderm
into the Belly Region
The first series of transplantations was aimed at identi-
FIG. 3. Heterotopic differentiation of lateral line placodes in the
buds (LB) of stage 42 axolotl larvae (anterior is to the left) that re
pigmented neuromasts developed in either case. However, neuroma
but pigmented in the other (B). Inserts depict magnified views of a
that pigment granules are absent from the deep ectodermal cells co
in (A) indicate pigmented cells of the superficial epidermal layer. M
200 mm (A), 100 mm (B). (C, D) Transverse sections through the
ectoderm at stage 15 (dorsal is to the top). The pigmented graft has fo
lateral line placode (arrow) can be recognized. (C) Cells migrate aw
in (D), representing a magnified view of an area corresponding to t
C), 50 mm (D). (E) Skinmount of belly epidermis of a stage 42 axolo
t stage 16. The insert shows the position of the graft on the belly
nd right ventral trunk lines of the host (asterisks). The boxed area
arrows) have formed from the graft. Bar: 100 mm.fying the time when lateral line placodes are first fully o
Copyright © 2001 by Academic Press. All rightetermined (committed) and able to differentiate, even in
n ectopic environment. We first performed two control
xperiments (Table 1), in which either pigmented belly
ctoderm or ectoderm from the dorsal trunk region (lateral
eural folds and adjacent ectoderm) was grafted to the belly
f host embryos. Pigmented neuromasts never developed in
hese cases. Rather, the graft contributed to the epidermis
tl. (A, B) Skinmounts of belly epidermis ventrocaudal to the limb
d an isochronic graft of cranial ectoderm at stage 13. No ectopic
f the host ventral trunk line (vt) were unpigmented in one case (A)
le neuromast (arrow) of (A) and (B), respectively, in order to show
sing the neuromast (arrowhead) in (A) but present in (B). Asterisks
ocytes (m) differentiated from the graft in (B) but not in (A). Bars:
of a stage 34 axolotl that received an isochronic graft of cranial
a blob, within which a small otic vesicle (asterisk) and an adjacent
m the placode (arrow) and form a small ganglion (g) that is shown
xed area in (C) but several sections more posterior. Bars: 200 mm
rva (anterior is to the left) that received a graft of cranial ectoderm
ediately behind an area of degenerated skin and ventral to the left
own at higher magnification in (E). Ectopic pigmented neuromastsaxolo
ceive
sts o
sing
mpri
elan
belly
rmed
ay fro
he bo
tl la
imm
is shf the belly and, in the case of trunk transplants, ectopic
s of reproduction in any form reserved.
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60 Schlosser and Northcuttmelanocytes developed in a few cases, presumably due to
the inclusion of neural crest cells in the graft. We then
transplanted ectoderm from the prospective placodal region
encompassing the lateral wall of a cranial neural fold and
the adjacent ectoderm from a pigmented donor embryo to
TABLE 1
Development of Neuromasts in Heterotopic Grafts of Pigmented
Cranial Ectoderm to the Belly of Albino Hosts
Stage
(donor and host) n
n (pigmented
neuromasts or
placodes)a %
n (neural
crest)b
13 (early neural plate) 9 1 11 5
14, 15 (neural plate) 4 2 50 0
16 (neural fold) 13 3 23 5
21 (neural tube closure) 9 5 56 8
27 (early-mid tailbud) 10 10 100 9
Orthotopic control:
14–16, belly to belly
15 0 0 0
Control:
14–19, trunk to belly
18 0 0 5
a Number of individuals in which ectopic pigmented neuromasts
n 5 20) or lateral line placodes (n 5 1, grafted at stage 15) have
eveloped.
b Number of individuals in which ectopic pigmented melano-
cytes have developed (could not be determined for the three
specimens transplanted at stage 15).
TABLE 2
Induction of Lateral Line Placodes in Heterotopic Grafts of Pigme
Stage
(donor; host) n
n (pigmente
AD AV
13; 13 (early neural plate) 15 8 5
14; 14 (neural plate) 9 9 8
16; 16 (neural fold) 18 11 1
21; 21 (neural tube closure) 9 4 1
24/25; 24/25 (early tailbud) 10 8 6
30; 30 (mid tailbud) 13 2 0
34/35; 34/35 (late tailbud) 11 2 0
16; 25 10 3 6
14; 30 9 5 8
25; 16 10 1 1
30; 14 18 1 0
Orthotopic control: 30; 30, head to head 10 10 7
a Number of individuals in which the anterodorsal (AD), anterov
lacodes or some of the neuromasts deriving from these placodes
b Number of individuals with partial or complete absence of l
lacode.
c Most lateral lines appeared relatively normal, but larvae were an
lines can not yet be clearly detected.
Copyright © 2001 by Academic Press. All righthe belly of an albino host, as indicated in Figs. 2A and 2B),
nd determined whether the transplanted pigmented tissue
as able to differentiate into lateral line placodes or their
erivatives at this ectopic location (Table 1; Fig. 3, and see
ig. 6). We also assessed whether graft-derived melanocytes
ere present, which was true in 27 out of 45 cases in the
omplete range of stages analyzed (Table 1; Fig. 3B).
Ectopic pigmented neuromasts did not develop in most
mbryos that received a graft at stage 13 (Table 1; Figs. 3A
nd 3B). In only one of the nine cases did an ectopic ring of
igmented neuromasts form immediately dorsal to the
ills. Pigmented neuromasts were observed, however, in the
egular lateral lines of the host in seven cases. In four of
hese, the entire ventral trunk line was pigmented (Fig. 3B),
nd, in one case, all trunk lines were pigmented. These
bservations are most likely explained by the fact that
ransplantations at stage 13 covered a relatively large ven-
ral region, which further expanded during development,
nvading the posterior cranial region around the gills, mak-
ng it likely that the graft extended into regions that receive
nductive signals from the host and give rise to the host
ateral line placodes. Accordingly, these pigmented neuro-
asts in nonectopic locations were not scored as positive
ases (Table 1), because they do not allow any inferences
bout the state of determination of the graft prior to
ransplantation.
When transplantations were performed at neural plate or
eural fold stages, ectopic pigmented lateral line placodes
r neuromasts were relatively more frequent (5 out of 17
Belly Ectoderm to the Head of Albino Hosts
romasts or placodes)a
%
n (lateral line deficits)b
%ST P Total AD AV Total
9 8 15 100 0 0 0 0
8 7 9 100 0 0 0 0
10 2 18 100 0 0 0 0
3 0 6 67 0 0 0 0
1 0 9 90 3 2 3 30
0 0 2 15 12 3 13 100
0 0 2 18 11 0 11 100
0 0 8 80 9 1 9 90
0 0 8 89 9 3 9 100
0 0 2 20 ?c ?c ?c ?c
0 0 1 6 10 0 10 56
0 0 10 100 1 0 1 10
l (AV), middle (M), supratemporal (ST), or posterior (P) lateral line
in pigmented cells.
l lines derived from the anterodorsal (AD) or anteroventral (AV)
d at a relatively early stage (40–41), where partial deficits in lateralnted
d neu
M
9
7
11
1
2
0
0
0
0
0
0
5
entra
conta
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alyzes of reproduction in any form reserved.
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61Induction of Lateral Line Placodescases) than in grafts from stage 13 embryos (Table 1). In one
embryo that received a graft at stage 15 and was serially
sectioned at stage 35, an ectopic pigmented lateral line
placode had developed next to a small ectopic otic vesicle
(Figs. 3C and 3D). In four embryos that received grafts at
stages 14 or 16 and were analyzed as skin mounts, ectopic
pigmented neuromasts had developed on the belly, forming
lines or clusters in three cases (Fig. 3E). Similar lines and
clusters of ectopic pigmented neuromasts were present in
the majority of cases that received a graft at the time of
neural tube closure (stage 21) or later (Table 1). In none of
the embryos that received a pigmented graft at stages 14–27
were there any pigmented cells in the lateral lines of the
host, probably because the graft spread less than at stage 13
and did not invade the region of lateral line induction in the
host.
Isochronic Transplantation of Belly Ectoderm
into Cranial Region
In order to analyze how long the signals and the compe-
tence for lateral line induction are present, ectoderm from
the belly, which normally gives rise only to the ventral
epidermis, was transplanted from a pigmented donor em-
bryo to the lateral wall of a cranial neural fold and the
adjacent ventrolateral ectoderm (i.e., the donor region in the
first series of experiments), an area known to give rise to
lateral line placodes (Northcutt et al., 1994, 1995), of an
albino host (Figs. 2C and 2D). We then determined whether
pigmented cells participated in the formation of nonepider-
mal cell types, such as lateral line placodes or other ecto-
dermal derivatives (Table 2; Figs. 4, 5, and 6). We will briefly
describe the induction of neural crest cells, epibranchial
placodes, and otic vesicles in our grafts and then describe in
more detail the induction of lateral line placodes.
With respect to neural crest induction, our experiments
did provide ambiguous results. On one the hand, melano-
cytes never differentiated in any of the experimental em-
bryos, regardless of the stage at which the transplantation
was performed (Figs. 4 and 5), although the pigmented graft
frequently (e.g., in 6/15 grafts done at stage 13) extended up
to the dorsal midline of the host embryo at the stages
analyzed (stages 35–36 or 39–43), suggesting that at neural
fold stages these grafts had extended up to the dorsal tip of
the neural folds, from which neural crest cells originate
(Landacre, 1921; Stone, 1922; Northcutt and Bra¨ndle, 1995).
On the other hand, a few lightly pigmented cells were
observed dorsal to the neural tube or among contralateral
mesenchymal cells in two out of eight transplants per-
formed at stage 16 and analyzed in serial sections at stage
35; these possibly represent neural crest cells.
The presence of pigmented cells in epibranchial placodes
or the otic vesicle could be determined only in the 10
specimens that received a graft at stages 14 and 16 and were
analyzed in serial sections. In 4 of these 10 cases (stage 16),
the graft was positioned too far dorsally to involve the
epibranchial placodes. However, in each of the remaining c
Copyright © 2001 by Academic Press. All rightix cases (stages 14 and 16), pigmented cells were present in
ome epibranchial placodes as well as in some of the
ranchiomeric sensory ganglia. In 2 out of the 10 cases
nalyzed in serial sections (stages 14 and 16), a normal
ost-derived ear had formed, suggesting that the graft did
ot cover the area from which the otic placode develops. In
nly two (stage 16) of the remaining eight cases were
igmented cells found in the wall of the otic vesicle on the
xperimental side. In the other six cases, the otic vesicle on
he experimental side was either completely absent or
ramatically reduced in size, compared to that on the
ontrol side, and it consisted only of unpigmented cells
stages 14 and 16).
Pigmented cells were present within the lateral line
lacodes or their derivatives in at least some embryos at all
tages we investigated. We will first describe which types of
ells and lateral line placodes were induced in our experi-
ents and then describe the frequency of induction in
ifferent stages. In all embryos that received a pigmented
raft at stage 14 or 16 and were analyzed early (stage 35) in
erial sections, pigmented cells were present in the lateral
ine placodes as well as in the lateral line ganglia derived
rom those placodes (Figs. 4A and 4B). While some placodes
nd ganglia were composed entirely of pigmented cells,
ost placodes and ganglia consisted of a mosaic of pig-
ented donor-derived and unpigmented host-derived cells.
n those embryos analyzed at later stages, pigmented cells
ere observed in lateral line ganglia as well as in neuro-
asts (Figs. 4C–4G) and ampullary organs (not shown). In
everal of these embryos, the dorsal border of the graft was
ar removed from the dorsal midline of the embryo, suggest-
ng that graft-derived cells had never been in a position from
hich neural crest cells originate and, consequently, that
eural crest cells could not have contributed to graft-
erived lateral line ganglia, neuromasts, or ampullary or-
ans.
Pigmented neuromasts were found in lateral lines derived
rom all placodes (Table 2) in cases where transplants were
one early (stages 13–16), indicating that the cranial area
hat received the graft included precursors of all lateral line
lacodes. When grafts were performed at later stages, nei-
her pigmented neuromasts nor deficits of neuromasts were
bserved in any of the lateral lines derived from the poste-
ior lateral line placode (Table 2), suggesting that the cranial
egion that received these grafts no longer included this
lacode. Furthermore, these observations, along with the
ositions and sizes of the grafts, suggest that middle,
upratemporal, and anteroventral placodes were some-
imes, but not always, included in the cranial area that
eceived grafts at stages 21–35, while at least part of the
nterodorsal placode was always included in the cranial
egion that received grafts at these stages.
The outcome of heterotopic transplantations changed
ramatically with the age at which the transplantations
ere performed. When transplantations occurred between
ate gastrula and neural fold stages (stages 13–16), in all
ases the experimental side of the host embryo revealed a
s of reproduction in any form reserved.
62 Schlosser and NorthcuttFIG. 4. Induction of lateral line placodes from heterotopic belly ectoderm at early embryonic stages (late gastrula–neural fold stages) in
the axolotl. (A, B) Transverse section through the head of a stage 35 axolotl embryo that received an isochronic graft of belly ectoderm at
stage 16. Indicated are the neural tube (nt), the ganglion of the facial nerve (gVII), the combined trunk of the facial and anteroventral lateral
line nerves (VII/AV), and the placode (pAD) and ganglion (gAD) of the anterodorsal lateral line nerve. The boxed area in (A) is shown in detail
in (B). Pigmented graft-derived cells can be identified in the placode (asterisks) as well as in the ganglion (arrows indicate pigment granules)
of the anterodorsal lateral line nerve. Bar in (A): 50 mm. (C, D) Transverse section through the head of a stage 42 axolotl larva, that received
an isochronic graft of belly ectoderm at stage 14. Eye (e) and neural tube (nt) are indicated. Neuromasts of the supraorbital line (arrows) have
differentiated from the pigmented graft. (D) shows magnified view of the more dorsal neuromast in (C), with mantle (M), support (S), and
hair (H) cells. Pigment granules are concentrated in these cells apically (asterisk). Bar in (C): 100 mm. (E–G) Skinmounts of stage 42 axolotl
larvae (anterior is to the left) that received isochronic grafts of belly ectoderm at stages 13 (E), 14 (F), and 16 (G). (E) All neuromasts in lines
derived from the middle lateral line placode (mp, middle pit line; t, temporal lateral line) and the supratemporal lateral line placode (ste,
supratemporal lateral line; pt, posttemporal lateral line) as well as some neuromasts (arrow) in lines derived from the anterodorsal lateral
line placode (ap, anterior pit line; io, infraorbital line; so, supraorbital line) contain pigmented graft-derived cells (n, nasal pit). Bar: 200 mm.
(F) All neuromasts of the ventral trunk line (vt) contain pigmented graft-derived cells. LB, limb bud. (G) Most neuromasts of the supraorbital
(so) and infraorbital lines (io) are host-derived, but a few neuromasts (arrows) in the infraorbital line consist of pigmented graft-derived cells
(n, nasal pit). Insert shows detail of anteriormost pigmented neuromast. Bar in (F): 100 mm (F, G).
Copyright © 2001 by Academic Press. All rights of reproduction in any form reserved.
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63Induction of Lateral Line Placodesnormal pattern of lateral lines, some of which contain
pigmented neuromasts (Fig. 4). Frequently, pigmented cells
were found in all neuromasts of a lateral line or even in the
entire population of neuromasts derived from a single
placode (Figs. 4E and 4F), but sometimes (10 out of 45 cases)
only a few neuromasts of a given lateral line were pig-
mented (Fig. 4G). When transplantations were performed
shortly after neural tube closure (stage 21), lateral line
deficits on the experimental side still did not occur. In three
cases, however, there were no pigmented neuromasts on
the experimental side. It should be noted that, in two of
FIG. 5. Deficits in lateral line placode induction from heterotopic
belly ectoderm at late embryonic stages (tailbud stages) in the
axolotl. (A) Typical lateral lines in a skinmount (anterior is to the
left) of a normal stage 43 axolotl larva (a, angular pit line; io,
infraorbital lateral line; mc, middle cheek pit line; n, nasal pit; p,
preopercular lateral line; so, supraorbital lateral line). (B) In a
skinmount of a stage 43 axolotl larva (anterior is to the left) that
received an isochronic graft of belly ectoderm at stage 30, there are
clear deficits (asterisks) in lateral lines. The supraorbital line is
completely missing (left asterisk), and neuromasts are also missing
from the infraorbital (io) and preopercular (p) lateral line. Nonethe-
less, two pigmented graft-derived neuromasts (arrows) have differ-
entiated in the infraorbital line; these are shown at higher magni-
fication in (C). Bar in (A): 200 mm (A, B).those three cases, the graft was relatively small and possibly
Copyright © 2001 by Academic Press. All rightay not have covered the area of a prospective placode.
hen transplantations were performed at early tailbud
tages (stage 24) and later, deficits in lateral lines were
bserved. Lateral lines derived from the anterodorsal or
nteroventral placodes were most frequently affected, but
eficits in lateral lines derived from the middle and supra-
emporal placodes also occurred from stage 24 on. Whereas,
t stage 24, only 3 out of 10 individuals failed to develop
ome preotic lateral lines partially or completely, at later
tages (stage 30–35), there were always dramatic deficits in
ome preotic lateral lines (Table 2, Fig. 5). Typically, the
upraorbital line was completely missing (Fig. 5B). Despite
hese deficits, however, a few pigmented neuromasts were
till present in the posterior part of the infra- or supraorbital
ines in 4 out of the 24 individuals that received a graft at
hese late stages (Table 2, Figs. 5B and 5C).
The increased number of lateral line deficits and de-
reased number of induced neuromasts in embryos that
eceived grafts from tailbud stages on cannot be attributed
o an increased susceptibility to perturbation by the grafting
rocedure at these stages, because pigmented neuromasts
ere always present and lateral lines almost never deficient
n control embryos that received an orthotopic transplant of
igmented cranial ectoderm rather than belly ectoderm at
tage 30 (Table 2).
Heterochronic Transplantations of Belly Ectoderm
into the Cranial Region
In our second series of isochronic transplants, the de-
creasing number of pigmented neuromasts and increasing
number of lateral line deficits from tailbud stages on could
be explained either by the loss of inductive signals at these
stages or by the decline of ectodermal competence to
respond to them. In order to determine which might be
responsible, we performed two types of heterochronic trans-
plantations.
In the first, we grafted belly ectoderm from donor em-
bryos at stages 14–16, which our isochronic transplanta-
tions had shown to be competent, to the cranial region of
host embryos at stage 25 or 30. Transplantations to hosts of
both stages yielded similar results: in the majority of cases
(16/19), at least some pigmented neuromasts were present
(Table 2, Figs. 7A and 7B). In one larva that received a graft
at stage 25, almost all neuromasts of the supraorbital and
infraorbital lines were pigmented, whereas, in another larva
that received a graft at stage 30, the entire supraorbital line
consisted of pigmented neuromasts. Despite the presence of
pigmented neuromasts, however, most embryos showed
some kind of deficits in the preotic lateral lines. Most
frequently, the supraorbital line was missing partly or
entirely (Table 2, Figs. 7A and 7B).
In the second type of heterochronic transplantation, we
grafted belly ectoderm from donor embryos at stage 25 or 30
to the cranial region of host embryos at stages 14–16, where
s of reproduction in any form reserved.
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64 Schlosser and Northcuttinducing signals are still present as demonstrated by our
isochronic transplantations. In these cases, pigmented neu-
romasts did not form in the majority (25/28) of cases (Table
2, Figs. 7C and 7D). In only three individuals were there
single or a very few pigmented neuromasts. While preotic
lateral lines were also deficient in many (10/18) individuals
that had received a stage 30 graft (Table 2, Figs. 7C and 7D),
FIG. 6. Semischematic diagram illustrating the timing of later
developmental time [based on data of Bordzilovskaya et al., (1989
while the vertical axis represents the percentage of specimens a
(transplantation of prospective placodal ectoderm to the belly region
ectopic pigmented lateral line placodes or neuromasts differentiate
handfitted to these data points and illustrates the determination
transplantations (transplantation of belly ectoderm to the prospecti
squares indicate percent of individuals in which pigmented plac
individuals in which no deficits in the preotic lateral lines were obs
and illustrates the loss of inducibility of lateral line placodes from
(solid bar) and loss of inducibility (dashed bar) are indicated belowmainly due to the loss of part of the supraorbital line, c
Copyright © 2001 by Academic Press. All rightreotic lateral lines consisting of unpigmented neuromasts
ormed relatively normally in the remaining eight cases
Table 2, Fig. 7D). We could not determine the frequency of
eficits in lateral lines of individuals that received stage 25
rafts: Although lateral lines appeared relatively normal in
ost of those cases, they were analyzed at a relatively early
tage (stage 40–41), where partial deficits in lateral lines
e induction in the axolotl. The horizontal axis represents the
development at 29°C] at which transplantations were performed,
ed. The results of our first series of isochronic transplantations
plotted as black circles, indicating percent of individuals, in which
e Table 1). Data for stages 14–16 were pooled. The solid line was
eral line placodes. The results of our second series of isochronic
anial placodal region) are plotted as open squares and crosses. Open
or neuromasts differentiated, while crosses indicate percent of
d (see Table 2). The dashed line was handfitted to these data points
ectoderm. The approximate periods of lateral line determination
graph. See text for further discussion.al lin
) for
ffect
) are
d (se
of lat
ve cr
odes
erve
belly
theannot yet be clearly determined.
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65Induction of Lateral Line PlacodesDISCUSSION
We will discuss our findings on the induction of lateral
line placodes in axolotls in five sections. First, we will try to
define the period when lateral line placodes are determined
based on our first series of isochronic transplantations.
Second, we will discuss evidence for regeneration versus
induction of placodes. Third, we will comment on the
distribution of ectodermal competence to form lateral line
placodes. Fourth, we will try to define the periods when
competence for lateral line induction and inducing signals
are present in the axolotl, based on our second series of
isochronic transplantations as well as our heterochronic
transplantions. Finally, we will relate our findings to cur-
rent models of placodal induction.
Lateral Line Placodes Are Determined
during Neurulation
Transplanting the prospective placodal region to the belly
at different stages of development in our first series of
isochronic experiments allowed us to assess when lateral
line placodes are determined (Slack, 1991), i.e., when they
are fully committed to differentiate autonomously into
neuromasts, even in ectopic environments. Although it has
been demonstrated previously that ectopically placed lat-
eral line placodes can also differentiate into ampullary
organs (Northcutt et al., 1995), we did not observe these in
our grafts, probably due to the fact that our embryos were
analyzed relatively early, and ampullary organs differenti-
ate relatively late (Northcutt et al., 1994). However, neural
rest cells were present in some of our grafts, as evidenced
y the differentiation of melanocytes, and we therefore
eed to consider the possibility that, in cases where neuro-
asts developed from the graft, lateral line placodes were
ot yet determined at the time of transplantation but were
econdarily induced by graft-derived neural crest cells. We
onsider this unlikely, because we found no correlation
etween the presence of melanocytes and neuromasts in
he grafts. For instance, neuromasts did not differentiate in
ost grafts performed at stage 13, despite the development
f melanocytes from the graft, while, on the other hand,
everal of the grafts performed at stages 16 and later, in
hich neuromasts differentiated, did not contain melano-
ytes.
We can also rule out the possibility that neuromasts were
nduced in our grafts due to the juxtaposition of dorsal and
entral ectoderm, as suggested by observations that neural
rest can be induced by the juxtaposition of neural plate and
pidermis (Moury and Jacobson, 1989, 1990; Selleck and
ronner-Fraser, 1995; Mancilla and Mayor, 1996). First,
ith the possible exception of stage 13, where the exact
order of the prospective neural plate is difficult to ascer-
ain, our grafts never included parts of the neural plate, and
here is no evidence to suggest that the mere juxtaposition
f dorsal and ventral epidermis results in the induction of
ither neural crest or placodes. Moreover, all ectopic neu- a
Copyright © 2001 by Academic Press. All rightomasts in our experiments were graft-derived; no ectopic
npigmented neuromasts developed from the epidermis
djacent to the graft contrary to examples of neural crest
nduction at neural-epidermal boundaries. Second, neither
igmented nor unpigmented ectopic neuromasts ever dif-
erentiated in our control experiment, where we trans-
lanted dorsal trunk ectoderm to the belly.
It has previously been shown that axolotl lateral line
lacodes are not determined prior to late gastrula stages
stages 12–13; Raven, 1933, 1935) but are determined by
tages 31–35 (Northcutt et al., 1995). Our findings, summa-
ized in Fig. 6 (solid line), further narrow this time window
nd suggest that determination of lateral line placodes in
xolotls occurs during late neural fold stages (around stage
1), before inducibility (see below) declines. It should be
oted that such graphs, that are typically used to illustrate
nduction experiments (e.g., Jacobson, 1966; Jacobson and
ater, 1988), do not depict the actual time course of deter-
ination in embryos. The vertical axis in Fig. 6 represents
he percent of experimental embryos in which neuromasts
eveloped from the graft (circles). Assuming a model in
hich induction occurs by the cumulative action of induc-
ors (e.g., Jacobson, 1966; Jacobson and Sater, 1988), this
xis therefore signifies the percentage of embryos in which
he amount of inductors available in the developmental
eriod preceding the stage of transplantation was above the
inimal threshold value required for determination to
ccur. The fact that the curve in Fig. 6 does not rise abruptly
rom 0 to 100% from one stage to the next merely indicates
hat there is variability in the population of embryos with
espect to the stage at which that threshold is crossed. We
tted our data to a sigmoid curve (although our data set
ould also have been compatible with other interpreta-
ions), because a sigmoid shape would be obtained, if the
tage at which the threshold is crossed were normally
istributed in a population of embryos. This may be true
egardless of the actual time course of induction, and it is
herefore not possible to infer from this distribution
hether induction occurs gradually or abruptly. For this
eason, the assumption that “’percent response’ can be an
ccurate relative measure of the amount of developmental
ommitment to organ formation” (Jacobson and Sater,
988; p. 343) is unjustified, and it can be concluded from the
ata depicted in Fig. 6 only that the mean developmental
tage at which a sufficient amount of inductors has accu-
ulated for determination to occur is around stage 21, i.e.,
t late neurula stages.
In the present study, neuromasts in heterotopic grafts
ometimes formed clusters or lines (see also Northcutt et
l., 1995). These were not organized in typical placode-
pecific patterns of lateral lines, however, even though it
as been shown that such placode-specific patterns do
evelop in some cases when grafts are performed at later
tages (Northcutt et al., 1995). Because we were unable to
istinguish different placodes in these grafts, it remains an
pen question whether individual lateral line placodes in
xolotls are determined in a sequential fashion, paralleling
s of reproduction in any form reserved.
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66 Schlosser and Northcutttheir sequence of appearance as ectodermal thickenings
(Northcutt and Bra¨ndle, 1995) between stage 23 (anterodor-
sal and posterior lateral line placodes) and stage 35 (supra-
temporal lateral line placode), or whether they are deter-
mined simultaneously and merely display different time
lags between determination and overt differentiation.
Regeneration versus Induction of Placodes
In our second series of isochronic transplantations as well
FIG. 7. Loss of ectodermal competence precedes loss of induc
ctoderm from stage 14–16 donor embryos to the placodal region o
he graft in the majority of cases (black bars), indicating that inducti
ften do not develop completely normally (gray bars). (A) A skinmo
f competent belly ectoderm from a stage 14 donor at stage 30. Alth
arrows), several pigmented neuromasts (asterisks) are present in
hows boxed area with pigmented neuromast at higher magnificat
rom stage 25–30 donor embryos to the placodal region of hosts at s
n a minority of cases, indicating that ectodermal competence to re
re often normal (gray bar; asterisk in (D) indicates that normality
5). (C) A skinmount of a stage 42 axolotl larva (anterior is to the le
4. No pigmented neuromasts have developed from the graft. The i
ine (so) is missing (arrows). Insert shows boxed area with unpigmen
ar in (A): 100 mm (A, C).as in our heterochronic transplantations, cranial ectoderm s
Copyright © 2001 by Academic Press. All rightf the placodal or prospective placodal region was replaced
y belly ectoderm, which in its normal position would
evelop into epidermis and would not form lateral line
lacodes. Due to complete or partial extirpation of host
ateral line placodes in this type of experiment, deficits in
he lateral lines are to be expected (see Northcutt et al.,
995), unless compensatory mechanisms exist. Our results
ndeed indicate that two different compensatory mecha-
isms are operative. First, the presence of pigmented lateral
ine placodes, ganglia, and receptors in many experimental
signals. After heterochronic transplantation of competent belly
ts at stages 25–30 (A, B), pigmented neuromasts are induced from
nals are still present at stages 25–30. However, preotic lateral lines
f a stage 43 axolotl larva (anterior is to the left) that received a graft
the supraorbital line and part of the infraorbital line (io) are absent
l lines derived from the anteroventral lateral line placode. Insert
In contrast, after heterochronic transplantation of belly ectoderm
14–16 (C, D), pigmented neuromasts (black bars) are induced only
d to inductive signals has declined. Nonetheless, host lateral lines
eral lines was unanalyzable for hosts that received a graft at stage
at received a graft of belly ectoderm from a stage 30 donor at stage
rbital (io) line has developed normally, but part of the supraorbital
euromasts at higher magnification. See Table 2 for further details.tive
f hos
ve sig
unt o
ough
latera
ion.
tages
spon
of lat
ft) th
nfrao
ted npecimens clearly indicates that induction of lateral line
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67Induction of Lateral Line Placodesplacodes from the pigmented graft occurred under certain
conditions (see below). Second, the presence of normal and
completely unpigmented lateral lines in some axolotl lar-
vae that received a pigmented graft of stage 30 belly
ectoderm at stage 14, as well as in larvae that received a
graft of stage 21 belly ectoderm at stage 21, indicates that
regeneration of the extirpated parts of placodes from host
tissues can occur at early stages. The frequent deficits in
lateral lines after transplantations at later stages, as well as
after heterochronic transplantations to stage 25 or 30 hosts,
indicate, however, that this regenerative capacity declines
after neural tube closure, confirming the results of previous
extirpation experiments (Winklbauer and Hausen, 1985;
Northcutt et al., 1995; Smith, 1996), although a limited
regenerative capacity persists even after neuromasts have
differentiated (Corwin et al., 1989; Jones and Corwin, 1996).
Normal Lateral Line Placodes Can Be Induced
from Belly Ectoderm
Our findings demonstrate that the competence to re-
spond to lateral line placode induction is widespread in
embryonic ectoderm and that the induced placodes can give
rise to all cell types of a normally patterned lateral line
system. It has previously been shown that prospective belly
ectoderm of amphibian gastrulae and neurulae is competent
for ear (e.g., Stone, 1931; Yntema, 1933; Kogan, 1939;
Ginsburg, 1946; Andres, 1949; Jacobson, 1963a; Gallagher
et al., 1996) and lateral line induction (e.g., Holtfreter, 1935;
Andres, 1949). However, it has also been demonstrated, and
is confirmed by our findings, that belly ectoderm has only
restricted competence for ear induction compared to other
ectodermal regions at neural plate and neural fold stages
(Yntema, 1933; Gallagher et al., 1996), probably because it
is far removed from the inductive influences of the head
region. A possible explanation for the results of Smith et al.
(1990), who could not induce lateral line placodes after
grafting belly ectoderm to cranial regions, is that belly
ectoderm likewise may have restricted, if any, competence
to respond to lateral line induction. We show here, how-
ever, that this is not the case. Belly ectoderm of axolotl
embryos is fully competent for lateral line placode induc-
tion prior to stage 24, and the resulting lateral lines are
differentiated and patterned in a completely normal way.
This was true in our cases even when the distribution of
pigmented neuromasts indicated that an entire placode was
graft-derived, thus demonstrating that the induction of
neuromasts from the graft is not due merely to the limited
recruitment of graft-derived cells to preexisting placodes of
the host.
Moreover, our results indicate that graft-derived cells can
differentiate into all cell types of the lateral line system,
even in cases where no graft-derived melanocytes were
observed and where the graft did not extend to the dorsal
midline. This is in accordance with previous studies indi-
cating that all components of the lateral line system are
derived from lateral line placodes in axolotls (e.g., Stone,
Copyright © 2001 by Academic Press. All right1922, 1929, 1933, 1938; Knouff, 1935; Corwin et al., 1989;
Smith et al., 1990; Northcutt et al., 1994, 1995; Northcutt
and Bra¨ndle, 1995; Jones and Corwin, 1996; Schlosser et al.,
1999). However, because no neural crest specific lineage
marker was used in our experiments, we cannot completely
rule out that some neural crest cells may have been induced
from the graft and possibly may have contributed to lateral
line structures even in cases, where no melanocytes had
differentiated. Recent cell lineage tracing studies by Col-
lazo et al. (1994) have suggested that neural crest cells
contribute to neuromasts in Xenopus and teleosts, but it is
not clear yet whether this neural crest contribution to
neuromasts is substantial, whether the neural crest contri-
bution is obligatory or facultative, and whether there are
species-specific differences with respect to the degree of
neural crest contribution to lateral line development. These
questions can be answered only by additional lineage-
tracing experiments in which care is taken to avoid the
inadvertent labeling of placodal, as well as neural crest cells
that may have occurred in some of the experiments of
Collazo et al. (1994) as previously suggested (Northcutt and
Bra¨ndle, 1995; Northcutt, 1996). This is likely what hap-
pened in their cranial injections, as the prospective placodal
area is closely apposed to the area of origin of neural crest
cells, particularly in frogs and teleosts where the precursors
of both crest and placodes originate from lateral masses
adjacent to the neural plate (Landacre, 1910; Knouff, 1935;
Schilling and Kimmel, 1994; Miyake et al., 1997; Schlosser
and Northcutt, 2000).
Signals and Competence for Lateral Line Induction
Are Present until Tailbud Stages
When belly ectoderm was transplanted into the cranial
region of same-stage hosts, pigmented lateral line placodes
and their derivatives were always induced from the graft,
and lateral lines were normal when transplantations were
performed prior to stage 21 (Fig. 6). Between stages 24 and
30 there was a sharp decline in the percentage of embryos
with graft-derived neuromasts, and simultaneously deficits
in lateral lines appeared. The decline of graft-derived neu-
romasts at these stages must be due to a failure of induction
from the graft, because pigmented neuromasts develop in
controls when the placodal region itself is transplanted
orthotopically at stage 30 from a pigmented donor to an
albino host embryo (see also Northcutt et al., 1995). We
conclude from this that lateral line placodes are inducible
from belly ectoderm until tailbud stages 21–30. Inducibility
implies that signals for the induction of lateral line placodes
are typically available until these stages and, likewise, that
belly ectoderm is competent until these stages to respond
appropriately to these signals. Our findings clearly confirm
observations by Yntema (1950), who reported induction of
lateral line placodes after heterotopic transplantations of
gill ectoderm to the prospective placodal region in axolotls
up to stage 35. In light of these results, it is surprising that
Smith et al. (1990) did not observe induction of lateral line
s of reproduction in any form reserved.
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68 Schlosser and Northcuttplacodes after transplantion of flank or belly ectoderm to
the head of axolotls at stages 14–28. From the information
provided in their paper, it is not possible to determine
which cranial regions received their grafts at stages prior to
stage 26, but one can infer from their drawings that at stages
26–28 their grafts were placed further posterior than were
ours. It is therefore possible that they failed to extirpate
host lateral line placodes due to surgical errors.
Figure 6 summarizes our results on the inducibility of
lateral line placodes (broken line). Again, we fitted our data
to a sigmoid curve (although our data set would also be
compatible with other interpretations), which should not
be mistaken to represent the time course of loss of placode
inducibility, but rather our assumption that variability
between embryos is normally distributed. The variability
among embryos with respect to the time when inducibility
is lost appears to be relatively high. While inducibility is
typically lost around stage 27, i.e., at mid tailbud stages,
some pigmented neuromasts were induced in a few em-
bryos even at late tailbud stages (stages 30 and 34/35),
shortly before lateral line placodes begin to differentiate at
stages 36–37 (Northcutt et al., 1994).
Because not all of our experiments involved exactly the
ame placodal region, we must consider an alternative
nterpretation of the observed variability among embryos
ith respect to the time when inducibility is lost. If the
nductive signals or competence for different lateral line
lacodes are lost not simultaneously but sequentially be-
ween stages 21 and 35, transplantation of varying subsets
f placodes may also result in a graded distribution of
nducibility, because of the declining probability that the
rea of a particular graft between stage 21 and 35 includes
lacodes that are still inducible. However, our results do
ot support this interpretation, because they show that
imilar variability exists, even with respect to the time
hen inducibility is lost for a single placode (this is par-
icularly evident for the anterodorsal placode). Moreover,
he first cases with deficits of lateral lines, appeared simul-
aneously at stage 24 in all placodes included in our grafts
anterodorsal, anteroventral, middle, and supratemporal
lacodes), suggesting that differences between the time
indows for inducibility of different placodes may be
elatively small, although our data set is not comprehensive
nough to allow a detailed mapping of specific time win-
ows for each placode.
The decline of inducibility—i.e., the decrease of induced
euromasts and the increase in the number of perturbed
ateral lines—that was revealed by our isochronic trans-
lantations from stage 21 on (Fig. 6) may be due to the loss
f ectodermal competence, to the loss of inductive signals,
r to both. Our heterochronic transplantations allow us to
esolve this issue and clearly demonstrate that the decline
f induced neuromasts from stage 21 has to be attributed to
he loss of ectodermal competence at these stages (Figs. 7C
nd 7D), whereas inductive signals continue to be present
nd are able to induce neuromasts in competent ectoderm
see Figs. 7A and 7B). However, most specimens in which d
Copyright © 2001 by Academic Press. All rightigmented neuromasts were induced after receipt of a graft
t these late stages had some deficits in their lateral lines,
egardless of the age of the donor (i.e., in isochronic as well
s in heterochronic grafts), whereas individuals that re-
eived a graft during neural plate or fold stages often formed
ormal lateral lines. This was true even for many hetero-
hronic transplants to stage 14 hosts, where the graft from
ailbud stage donors typically did not contribute any neu-
omasts (the failure of neuromast induction from the graft
n these cases probably accounts for the lower proportion of
ormal lateral lines as compared to the isochronic trans-
lants to stage 14 hosts). These findings not only confirm
hat the regenerative capacity of lateral line placodes de-
lines after neural tube closure (see above), they also sug-
est that inductive signals from stage 24/25 on are not
ufficient to induce normal lateral line placodes with the
bility to fully compensate the deficits due to extirpation,
ven when the ectoderm is fully competent. It is therefore
ikely that the loss of ectodermal competence as well as the
ecline in sufficient inductive signals both contribute to
he increase in lateral line deficits after isochronic trans-
lantations from early tailbud stages on.
Mechanisms of Lateral Line Placode Induction
It is still not resolved whether different types of placodes
are induced separately (e.g., Graham and Begbie, 2000), or
whether a common placodal primordium is first induced
around the neural plate (Nieuwkoop, 1963, 1985; Jacobson,
1966; Wilson et al., 1997; Neave et al., 1997; Nguyen et al.,
1998; Torres and Gira´ldez, 1998), followed by a second
round of inductions specifying different types of placodes in
different regions of this primordium. Although a morpho-
logically distinct common placodal primordium has been
identified in only a few vertebrates (Knouff, 1935; Miyake et
al., 1997), and not found in others (reviewed in Northcutt,
1992a, 1996, 1997; Schlosser and Northcutt, 2000), many
gene expression patterns (Akimenko et al., 1994; Dirksen et
l., 1994; Mizuseki et al., 1998; Gomez-Skarmeta et al.,
1998; Glasgow et al., 1998; Medonsa and Riley, 1999; Sahly
et al., 1999; Feledy et al., 1999; Esteve and Bovolenta, 1999;
atini et al., 1999; Pandur and Moody, 2000; Islam et al.,
2000; Ko¨ster et al., 2000) support the existence of such a
common placodal primordium, which has been hypoth-
esized to be induced in the context of a general ectodermal
dorsoventral patterning mechanism by intermediate con-
centrations of bone morphogenetic proteins (e.g., Wilson et
al., 1997; Sasai and de Robertis, 1997; Neave et al., 1997;
guyen et al., 1998; Marchant et al., 1998).
Most studies on placode induction, have focussed on the
pecific induction processes of different types of placodes,
owever, and these are clearly dissociable from each other.
or instance, the induction of the otic placode depends on
ignals from the neural tube (Stone, 1931; Harrison, 1938,
945; Kogan, 1939; Jacobson, 1963a–c) and mesoderm (Har-
ison 1938, 1945; Kohan, 1944; Jacobson, 1963a–c; Men-
onsa and Riley, 1999), whereas the induction of the pro-
s of reproduction in any form reserved.
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69Induction of Lateral Line Placodesfundal placode depends on signals from the neural tube
(Stark et al., 1997; Baker et al., 1999), and the epibranchial
placodes are induced by the pharyngeal pouches (Begbie et
al., 1999). Lateral line placodes may resemble otic placodes
in that they rely on similar sources for induction, viz.
mesoderm (Harrison, 1945) and neural plate (Mangold,
1929), and they are determined, as we show here, around
late neural fold stages, as are otic placodes in urodeles
(Yntema 1933, 1939; Ginsburg, 1946). However, the com-
petence for lateral line and ear induction is dissociable. Our
results suggest that belly ectoderm at stage 16 retains only
a very restricted competence to form ears, and even ecto-
derm that is closer to the prospective otic region typically
loses its competence as early as stages 20–23 (Yntema,
1933, 1950). In contrast, the competence of belly ectoderm
to form lateral line placodes persists into tailbud stages
24–30. This suggests that induction of lateral line and otic
placodes is not tightly linked, an argument that is strength-
ened by the observation that lateral line placodes have
repeatedly been completely lost during vertebrate evolu-
tion, for instance in amniotes and in the directly developing
frog Eleutherodactylus coqui (Schlosser et al., 1999), with-
ut affecting otic placodes. Heterospecific transplantations
Schlosser et al., 1999) have shown that E. coqui has
etained inductive signals for lateral line placode formation
ut has specifically lost the ectodermal competence to
espond to these signals with lateral line placode develop-
ent. This suggests that signaling cascades for lateral line
nd otic placode induction are different at some level, either
n reliance on different inducers and receptors or in critical
ependance on different sets of positional (e.g., anteropos-
erior) cues. It has been proposed that Hox genes, whose
expression depends on anteroposterior cues, may be impor-
tant for regulation of placode identity (Northcutt, 1996).
While the pattern of Hoxb-3 expression in the middle
lateral line placode of axolotls (Metscher et al., 1997) is
compatible with this model, at present we do not have
sufficient information about the expression of other Hox
genes and their functions to assess its validity. Further
studies are clearly needed to illuminate how a diversity of
placodes is generated from initially equipotential ectoder-
mal cells.
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